We report trigonometric parallax measurements of masers in the massive star forming complex W43 from VLBA observations as part of the BeSSeL Survey. Based on measurements of three 12 GHz methanol maser sources (G029.86−00.04, G029.95−00.01, and G031.28+00.06) and one 22 GHz water maser source (G031.58+00.07) toward W43, we derived a distance of 5.49
INTRODUCTION
W43 is one of the most prominent regions of massive star formation in the inner Galaxy (Nguyen Luong et al. 2011) . As shown in Figure 1 , it contains two of the largest molecular cloud groups of the first Galactic quadrant: W43-Main at ℓ ≈ 30.
• 7 and W43-South at ℓ ≈ 29.
• 9. W43-Main is famous for its giant H ii region powered by a cluster of OB and Wolf-Rayet stars, which emit a Lyman continuum luminosity of 10 51 ionizing photons per second, and has a far-infrared luminosity of 3.5 × 10 6 L ⊙ (Smith et al. 1978; Lester et al. 1985; Blum et al. 1999) . For the very active star-forming phenomena in its center, W43-Main is considered a "mini-starburst", and three extremely massive dense cores W43-MM1, W43-MM2 and W43-MM3 were suggested to be potentially forming high-mass stars by Motte et al. (2003) and confirmed by Bally et al. (2010) . Recently, Nguyen Luong et al. (2013) discovered two ridge-like structures and extended SiO emission toward W43-Main; the spatial and velocity overlap between the high-density ridge and the shocked SiO gas suggest that the ridges could be forming via colliding flows driven by gravity and accompanied by low-velocity shocks.
Accurate distances are crucial to derive fundamental physical parameters of the molecular clouds. Size depends directly on distance and luminosity scales as the square of distance. The commonly used methods to determine the distance of W43 are kinematic distance estimates based on radial velocity measurements and a Galactic rotation curve, and luminosity distances based on dereddened colors and spectral type. However, kinematic distance have uncertainties, often > 20%, which are highly dependent on location in the Galaxy (Reid et al. 2009b ); for cases with large peculiar motions can be over a factor of two (Xu et al. 2006 ). In addition, one needs to add uncertainties from the adopted values of Galactic parameters whereas trigonometric parallax is essentially a direct and assumption free method. Due to difficulties in classifying spectral types and calibrating luminosities, it is hard to determine distances accurately by photometry and spectroscopy (e.g., Blum et al. 1999) . Previous investigators have derived distances of 4 -7 kpc to W43 (e.g., Smith et al. 1978; Blum et al. 1999; Moisés et al. 2011) .
The most reliable method for astronomical distance measurement is the trigonometric parallax. Recently, trigonometric parallax measurements of masers in star-forming regions using the Very Long Baseline Interferometry (VLBI) techniques have shown that the parallaxes can be accurately determined at the level of ∼ 10 µas (Reid et al. 2009b , and references therein). Motivated by these measurements, we are using the NRAO 1 Very Long Baseline Array (VLBA) to conduct a key science project, the Bar and Spiral Structure Legacy (BeSSeL) Survey 2 (Brunthaler et al. 2011) , to study the structure and kinematics of the Galaxy by measuring parallaxes and proper motions for hundreds of 22 GHz H 2 O and 6.7/12.2 GHz CH 3 OH maser sources associated with massive star-forming regions.
Several masers have been discovered in W43 (within the region 29
• < ℓ < 32
• ). Figure 1 shows two source pairs in W43: G029.86−00.04 and G029.95−00.01 located in W43-South and G031.28+00.06 and G031.58+00.07 located in the northern portion of W43-Main. G029.86−00.04 and G029.95−00.01 are ultra-compact (UC) H ii regions powered by an O star. The 6.7 GHz (Menten 1991) and 12.2 GHz (Caswell et al. 1995 (Hofner & Churchwell 1996) and an NH 3 hot core, which is believed to be a signpost of an embedded highmass star in an early stage of formation (Cesaroni et al. 1998) . G031.28+00.06 is an UC H ii region and a candidate for hosting a mas-1 The National Radio Astronomy Observatory (NRAO) is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc 2 http://bessel.vlbi-astrometry.org/ sive protostar (Minier et al. 2000 (Minier et al. , 2001 Minier & Booth 2002) . The 12 GHz methanol maser in G031.28+00.06 was discovered by Koo et al. (1988) . Based on a multi-wavelength study, this methanol maser site was found to be associated with an H ii region and an Infrared Astronomical Satellite (IRAS) source, but it is separated from the radio peak by 3.5 × 10 4 AU, assuming a distance of 5.6 kpc (Minier et al. 2005) . G031.58+00.07 hosts a H 2 O maser and a 6.7 GHz CH 3 OH maser source (Szymczak et al. 2000) , and it is associated with an H ii region (Anderson et al. 2009 ) and the IRAS source 18461−0113 (Bronfman et al. 1996) .
In this paper, we present results of parallax and proper motion measurements of the four masers G029.86−00.04, G029.95−00.01, G031.28+00.06, and G031.58+00.07 in the massive star-forming complex W43 from VLBA observations that are part of the BeSSeL Survey. These sources are located in the first quadrant of the Galaxy, where kinematic distances are subject to a kinematic distance ambiguity. Our direct measurements of distance solve the ambiguity for W43 and help locate the spiral arm in which W43 resides. This starforming complex is located toward the end of the central bar of the Galaxy. Combining distance, V LSR , and proper motion of the masers yields their full space motions, which help us to study the kinematics of this complicated region.
OBSERVATIONS AND CALIBRA-TION PROCEDURES
Our observations of 12 GHz methanol and 22 GHz water masers, together with several compact extragalactic radio sources, were carried out under VLBA programs BR145O, BR145Q, and BR145W and spanned one year. For these sources, the parallax signature in Declination is considerably smaller than for Right Ascension, and we scheduled the observations so as to maximize the Right Ascension parallax offsets as well as to minimize correlations among the parallax and proper motion parameters.
Our general observing setup and calibration procedures are described in Reid et al. (2009a) ; here, we discuss only aspects of the observations that are specific to the maser sources presented in this paper. We used four adjacent intermedi-ate frequency (IF) bands of 8 MHz and recorded both right and left circular polarizations (RCP and LCP). The second IF band was centered on the maser signal at an V LSR velocity of 100 km s −1 for G029.86−00.04, 96 km s −1 for G029.95−00.01, 110 km s −1 for G031.28+00.06, and 99 km s −1 for G031.58+00.07. We observed three International Celestial Reference Frame (ICRF) sources (Ma et al. 1998) , near the beginning, middle, and end of the phase-referencing observations to monitor delay and electronic phase differences among the observing bands. The observing frequency, velocity resolution for line observation, and epochs are listed in Table 1 .
At each epoch, the observations consisted of four 0.5-hour "geodetic blocks" (used to calibrate and remove unmodeled atmospheric signal delays), and three 1.7-hour periods of phasereferenced observations inserted between these blocks. In the phase-referenced observations, we cycled between the target maser and several background sources, switching sources every 30 to 40 seconds. Table 2 lists the observed source positions, intensities, source separations, reference maser LSR velocities, and restoring beams.
The interferometric correlation was performed with the DiFX 3 software correlator (Deller et al. 2007) in Socorro, NM. The data reduction was conducted using the NRAO's Astronomical Image Processing System (AIPS) together with scripts written in ParselTongue (Kettenis et al. 2006) . A spectral channel with strong and compact maser emission was used as the interferometer phase reference. After performing the calibration for the polarized bands separately, we combined the RCP and LCP bands to form Stokes I and imaged the continuum emission of the background sources, integrating the four IF bands using the AIPS task IMAGR. For the masers, we also formed Stokes I data and then imaged the emission in each spectral channel.
We determined source positions by fitting elliptical Gaussian brightness distributions to the images of strong maser spots and background sources using the AIPS task SAD or JMFIT. As discussed by Sato et al. (2010) , relative positions for sources (i.e., maser and quasar sources) at low antenna elevations are very sensitive to atmospheric delay errors (e.g. Honma et al. 2008) . Further, our sources are located at near-zero Declination, where phase calibration errors can lead to limited dynamic range images. Therefore, we adopted an elevation cutoff of 25
• -30
• , below which data were discarded for each antenna, allowing for improved images with dynamic range of better than 15:1.
ASTROMETRIC PROCEDURES AND RESULTS
We considered maser spots at different epochs to be persistent if their positions in the same spectral channel were coincident within 3 mas yr −1 × ∆t yr, where ∆t is the time gap between two epochs; this limit corresponds to a linear motion of less than 85 km s −1 at a distance of 6 kpc. Data used for parallax and proper motion fits were residual position differences between maser spots and background sources in eastward (∆x = ∆α cos δ) and northward (∆y = ∆δ) directions. The data were modeled as a combination of the parallax sinusoid (determined by a single parameter, the parallax) and a linear proper motion for each coordinate. Because systematic errors (owing to small uncompensated atmospheric delays and, in some cases, varying maser and calibrator source structures) typically dominate over thermal noise when measuring relative source positions, we added "error floors" in quadrature to the formal position uncertainties (see values listed in Tables 5  -8 ). We used independent error floors for the ∆x and ∆y data and adjusted them to yield post-fit residuals with reduced χ 2 ν near unity for both coordinates.
The apparent motions of the maser spots can be altered by a combination of spectral blending and changes in intensity. Thus, for parallax fitting, one needs to find stable, unblended spots and preferably use many maser spots to average out any residual effects. To achieve this goal, we first fitted the position offsets of each maser spot relative to each background source separately and excluded those maser spots with large parallax uncertainties (> 40%). Since one expects that the parallaxes of all maser spots are identical within measurement uncertainties (while the proper motions can vary owing to internal motions), we did a combined solution fitting a single parallax to all maser spots and background sources, but allowing for different proper motions of the maser spots. The quoted parallax uncertainty is the formal error multiplied by √ N , where N is the number of maser spots fitted, in order to allow for the possibility of correlated position errors of the maser spots relative to the extragalactic continuum sources. The position data and the parallax fits are shown in Figures 2 -5.
Since all maser sources in our observations have simple spectra which span ≤ 10 km s −1 , and the proper motions of maser spots (relative to common or different background sources) are consistent with each other within ±2σ (suggesting that the internal motions are small), we estimated the absolute proper motion of the central star exciting the masers by taking the variance-weighted mean of the proper motions. The uncertainty of the mean proper motion is evaluated using standard error propagation.
Details of the measurement of parallaxes and proper motions of the individual sources are presented in the APPENDIX. The V LSR of each source is estimated using the median value of the maser emission velocities , which is consistent with that derived from the Gaussian fits of the Galactic Ring Survey (GRS, Jackson et al. 2006) 13 CO spectrum.
Based on differences between the V LSR of the masers and that indicated by thermal CO emission, we assign a V LSR uncertainty of 3 and 5 km s −1 for CH 3 OH and H 2 O maser sources, respectively. A similar uncertainty is associated with our estimate of the proper motion of the central star, and we added in quadrature a proper motion uncertainty of 5 km s −1 (at the measured distance) to the measurement uncertainties presented in the APPENDIX. The measured quantities and fitted parameters and their uncertainties are summarized in Table 3 .
DISCUSSION

Galactic arm assignment of W43
Spiral arms in the Galaxy can be identified as large-scale features in longitude-velocity (ℓ−v) diagrams from H i (e.g. Shane 1972) and CO surveys (e.g. Cohen et al. 1980; Dame et al. 1986 ). Assigning our masers to arms by associating them with molecular clouds avoids the bias of the alternative method of using the maser distance and a model of spiral structure. A secure arm assignment requires that the position and velocity of the maser and the molecular cloud be in agreement with the position-velocity (ℓ − v) locus of the arm. Using the data from the 13 CO GRS by Jackson et al. (2006) 
Distance to W43
At the kinematic distance of 6 kpc from the Sun, W43 is assumed to be located near the meeting point of the Scutum arm and the bar in the Galactic plane (Nguyen Luong et al. 2011) . A solid distance measurement to this region will significantly contribute to our understanding of the physical properties of this star forming complex and the structure of the Milky Way.
As listed in Table 3 , the distances and proper motions of the source pairs, G029.86−00.04 and G029.95−00.01, and G031.28+00.06 and G031.58+00.07, are consistent within their joint uncertainties. This suggests that each source pair is located at the same distance. The varianceweighted average parallax is 0.175 ± 0.014 mas (5.71 kpc) for the former and latter source pairs, respectively. Since the two source pairs share similar positions and V LSR , and have approximately equal distance (within the uncertainties), it is very likely that they belong to the W43 cloud complex.
Thus, we estimated a grand average parallax of 0.182 ± 0.012 mas (5.49 +0.39 −0.34 kpc) to W43 using a variance-weighted average of the four sources. Our measured distance to W43 is in good agreement with the latest spectroscopic distance of 5.2 ± 0.5 kpc by C-H. R. Chen et al. (2013, in preparation) , using three O stars.
Our measured parallax distance of 5.49 kpc to W43 is about 90% of the previously adopted near kinematic distance of 6 kpc (e.g., Nguyen Luong et al. 2011) . This implies that the mass and luminosity of the molecular complex W43 have been overestimated in Nguyen Luong et al. (2011) by factor of 1.2 ± 0.14. The revised total H 2 mass from 12 CO and cloud mass from 13 CO are 5.9 × 10 6 and 3.5 × 10 6 M ⊙ , and the 8 µm luminosity becomes 1.32 × 10 7 L ⊙ .
Galactic locations and peculiar motions
Combining the four sources reported here and the twelve sources with parallax measurements in the Scutum arm from the BeSSeL survey and the Japanese VLBI Exploration of Radio Astrometry (VERA) project, makes a total of 16 sources in the Scutum arm. These well delineate a section of the arm with a pitch angle of 20.
• 1 (Sato et al. 2013 ). Based on the 6.7 GHz CH 3 OH maser population, Green et al. (2011) suggested that the inner region of the Galaxy contains a thin bar with a length of 3.4 kpc toward a Galactocentric azimuth of ≈ 45
• . Figure 8 shows the location of W43, together with the newly determined trace of the Scutum arm and the long Galactic bar. This suggests that W43 is located close to the meeting point of the Scutum arm and the near end of the bar.
Three-dimensional motions of maser sources in the Galaxy can be derived from their measured parallaxes and proper motions, in combination with their LSR velocities. Given values for the Galactic parameters R 0 (the distance from the Sun to the Galactic Center) and Θ 0 (the rotation speed of the Galaxy at the LSR), and assuming a rotation curve, we can estimate the peculiar motions (i.e., non-circular motions) of the masers by subtracting the effects of Galactic rotation and peculiar motion of the Sun (Reid et al. 2009b ). We adopt the recently derived Galactic parameters (R 0 = 8.34 ± 0.15 kpc, Θ 0 = 246 ± 5 km s −1 ) and the Solar Motion values (U ⊙ = 10.5 ± 1.7 km s −1 , V ⊙ = 11.3 ± 2.0 km s −1 , and W ⊙ = 8.8 ± 1.0 km s −1 ) by Reid et al. 2013 ("Model B1") , to estimate the peculiar motions of sources in W43. Since the Galactocentric distance of W43 is about 4.5 kpc and a flat rotation curve might be not valid inside of 5 kpc from the Galactic Center, we adopt a non-flat rotation curve Θ(R) = 205+10×(R−2) km s −1 for the inner Galaxy (2 ≤ R ≤ 5 kpc), which is adapted from Figure 1 in Xin & Zheng (2013) .
The peculiar motions for the four maser sources in W43 listed in Table 4 , show that motions out of the Galactic plane (toward the north Galactic pole, W s ) are small, as expected for a massive star-forming region whose Galactic orbit should be mainly in the Galactic plane. By averaging the results of the four maser sources, W43 shows a small peculiar motion in the direction of Galactic rotation (V s ) but a large motion toward the Galactic Center (U s ). As suggested by Roberts et al. (1979) , this non-circular motion toward the Galactic Center and along the orientation of the Galactic bar, is likely induced by the gravitational potential of the central bar. Furthermore, Roberts et al. (1979) also suggested that in regions of convergence where the spiral arm bends from the bar, shocks focus gas in the inner parts outward and gas in the outer part inward.
SUMMARY
We have measured the parallaxes and proper motions of three 12 GHz methanol maser sources and one 22 GHz water maser source in the massive star-forming complex W43. The distances to these sources are accurate to 11% to 18%: 6.21 −0.81 kpc for G031.58+00.07. All of these sources are consistent with belonging to a single giant molecular cloud, and we derived the distance of W43 to be 5.49 +0.39 −0.34 kpc. This locates W43 at the meeting point of the Scutum arm and the Galactic bar. The peculiar motion of W43 is mainly pointing toward the Galactic Center along the orientation of the Galactic bar, which is likely induced by the gravitational attraction of the Galactic bar.
The work was supported by the National Sci-ence Foundation of China (under grants 10921063, 11073046, 11073054 and 11133008) and the Key Laboratory for Radio Astronomy, Chinese Academy of Sciences. This work was partially funded by the ERC Advanced Investigator Grant GLOSTAR (247078). We are grateful to Dr. James Urquhart for providing the ATLASGAL FITS files.
Facilities: VLBA
A. APPENDIX
In Section 3, we outlined the procedures for the parallax and proper motion measurements. Here, we describe the details of the analysis for individual sources. In the online material, we present the images of the reference maser spot and the background sources in Figures 9 -12 , and the distribution of the maser spots in Figures 13 -16 . The individual and combined parallax fits are listed in Tables 5 -8. A.1. G029.86−00.04
For the parallax measurement of G029.86−00.04, we phase-referenced to the 12 GHz CH 3 OH maser spot at V LSR of 100.0 km s −1 . All four background sources (J1834−0301, J1833−0323, J1857−0048, and J1827−0405) were detected at all four epochs of VLBA program BR145Q. However, since J1827−0405 is well separated (4.7
• ) from the maser source, residual atmospheric effects are expected to significantly degrade astrometric accuracy. Hence, we do not use the data from this background source.
The combined parallax estimate of G029.86−00.04 is 0.161 ± 0.020 mas, corresponding to a distance of 6.21
+0.88
−0.69 kpc. The absolute proper motion of G029.86−00.04 is estimated to be µ x = -2.31 ± 0.01 mas yr −1 and µ y = -5.28 ± 0.03 mas yr −1 , where µ x = µ α cos δ is in the eastward direction and µ y = µ δ is in the northward direction.
A.2. G029.95−00.01
For the parallax measurement of G029.95−00.01, we used the 12 GHz CH 3 OH maser spot at V LSR of 96.6 km s −1 as the interferometer phase reference. The background source J1834−0301 was detected at all four epochs of VLBA program BR145W.
The combined parallax estimate of G029.86−00.04 is 0.190 ± 0.020 mas, corresponding to a distance of 5.26 +0.62 −0.50 kpc. The absolute proper motion of G029.95−00.01 is estimated to be µ x = -2.30 ± 0.03 mas yr −1 and µ y = -5.34 ± 0.03 mas yr −1 .
A.3. G031.28+00.06
For the parallax measurement of G031.28+00.06, we used the 12 GHz CH 3 OH maser spot at V LSR of 99.4 km s −1 as the interferometer phase reference. The two background sources (J1834−0301 and J1853−0048) were detected at all four epochs of VLBA program BR145W. The extragalactic source with the better known position, J1834−0301, was relatively far (3.
• 8) from G031.28+00.06; as such we used it to determine the absolute position of the maser reference spot, but not for the parallax measurement for the same reason as described in Section A.1. So, the parallax for G031.28+00.06 used only J1853−0048, which is separated by only 1.
• 5 from the maser. The combined parallax estimate of G031.28+00.06 is 0.234 ± 0.039 mas, corresponding to a distance of 4.27 +0.87 −0.64 kpc. The absolute proper motion of G031.28+00.06 is estimated to be µ x = -2.09 ± 0.05 mas yr −1 and µ y =-4.37 ± 0.14 mas yr −1 .
A.4. G031.58+00.07
For the parallax measurement of G031.58+00.07, we used the 22 GHz H 2 O maser spot at V LSR of 96.6 km s −1 as the interferometer phase reference. The three background sources (J1834−0301, J1857−0048 and J1904+0110) were detected at all six epochs of VLBA program BR145O. The two background sources J1834−0301 and J1904+0110 are relatively far away (> 4
• ) from G031.58+00.07, and were not used for parallax estimation. We used J1857−0048, which is separated by 2.
• 3 on the sky from the maser source, to estimate the parallax.
The combined parallax estimate of G031.58+00.07 is 0.183 ± 0.032 mas, corresponding to a distance of 5.46
+1.16
−0.81 kpc. The absolute proper motion of G031.58+00.07 is estimated to be µ x = -2.17 ± 0.04 mas yr −1 and µ y = -4.50 ± 0.10 mas yr −1 . This 2-column preprint was prepared with the AAS L A T E X macros v5.2. Note.-Columns 2 and 3 lists the parallax value and the derived source distance. Column 4 to 6 list absolute proper motions in the eastward and northward direction and V LSR , respectively. For proper motion we report two errors. The first is is the measured uncertainty from the parallax fits. The second in parenthesis is derived by adding in quadrature to the first an error floor of 5 km s −1 , to account for the uncertainty in our estimate of the reference system of the star. In the last line, we list the variance-weighted parallax, proper motion, and V LSR of W43, derived from the four sources listed above. 
G029.86−00.04 6.5 ± 22.2 -2.1 ± 6.0 -2.5 ± 5.5 G029.95−00.01 28.4 ± 13.7 -2.3 ± 6.1 -1.0 ± 5.3 G031.28+00.06 32.2 ± 22.6 23.1 ± 7.5 6.1 ± 5.5 G031.58+00.07 -4.3 ± 29.6 8.1 ± 11.6 2.0 ± 5.6 W43 20.5 ± 10.7 3.8 ± 5.1 -4.0 ± 2.9
Note.-Columns 2 to 4 list peculiar motion components, where Us, Vs, Ws are directed toward the Galactic Center, in the direction of Galactic rotation and toward the North Galactic Pole (NGP), respectively. The peculiar motions were estimated using the Galactic parameters (R 0 = 8.34 ± 0.15 kpc, Θ 0 = 246 ± 5 km s −1 ) and the Solar Motion values (U ⊙ = 10.5 ± 1.7 km s −1 , V ⊙ = 11.3 ± 2.0 km s −1 , and W ⊙ = 8.8 ± 1.0 km s The values of location and peculiar motion for W43 are calculated using the parameters listed in Table 3 , which are averaged from the other four sources. The length of the bar denotes the distance uncertainty. A 10 km s −1 motion scale is in the lower left. The background is an artist's conception of the Milky Way (R. Hurt: NASA/JPL-Caltech/SSC) viewed from the north Galactic pole from which the Galaxy rotates clockwise. The Galactic Center (red asterisk) is at (0, 0) and the Sun (yellow dot) at (0, 8.34) kpc. The dashed curve line denotes the Scutum arm position with a pitch angle of 20.
• 1 from Sato et al. (2013) . The dash-dotted line starting at the Galactic Center denotes a long thin bar with a semi-major axis of 3.4 kpc and an orientation of 45
• from Green et al. (2011) . (A color version of this figure is available in the online journal.) Note.-Absolute proper motions are defined as µx = µ α cos δ and µy = µ δ . χ 2 ν is the reduced χ 2 of post-fit residuals, σx and σy are error floor in x and y, respectively. Note.-see Table 5 . 
B. ONLINE MATERIAL
J1833
